INTRODUCTION
DNA must be highly organized and tightly regulated within the nucleus to maintain proper gene expression. The cell accomplishes this task by organizing DNA into a protein-DNA complex called chromatin. Within chromatin, DNA is contained in nucleosomes, which are composed of 147 base pairs of DNA wrapped around an octamer of histone proteins with two copies of each core histone-H2A, H2B, H3, and H4 (Luger, Mäder, Richmond, Sargent, & Richmond, 1997) . Linker histone H1 can bind the free DNA that exists between nucleosomes. Due to their intimate association with DNA, histones are major regulators of chromatin structure and function. Histone proteins are extensively and dynamically posttranslationally modified on specific residues by a myriad of enzymes in the nucleus. These posttranslational modifications (PTMs) mediate histone function by directly altering the chemistry of the surrounding chromatin or through the action of other proteins that can bind these modifications. A growing body of research supports the hypothesis that PTMs form a "histone code" and can act in tandem to illicit a specific biological response ( Jenuwein & Allis, 2001) . Histone PTM profiles are critical to maintain nuclear stability, and aberrant regulation of histone PTMs is implicated in many diseases including cancer. As such, the ability to identify and quantify histone PTMs in biological systems is vital for understanding nuclear processes and how disease states may arise.
Histone PTM analysis had traditionally been accomplished using antibody-based approaches such as Western blots, chromatin immunoprecipitation, and deep sequencing. These methods have been instrumental in elucidating the roles of many histone PTMs but suffer from several critical drawbacks (Britton, Gonzales-Cope, Zee, & Garcia, 2011) . For example, many antibodies are not entirely site specific and can cross-react with similar modifications on different residues. A similar issue is epitope occlusion, where a PTM on a nearby residue can block interaction with an antibody. Perhaps the biggest drawback is that these methods require previous knowledge of the modification and are therefore unable to identify novel PTMs (Rothbart et al., 2015) .
Mass spectrometry (MS) is an unbiased and quantitative method to comprehensively analyze histone PTM profiles. One of the greatest advantages of MS is that it can identify novel PTMs and can also measure the cooccurrence of PTMs on a single peptide. As such, MS has emerged as a critical tool for characterization of histone modifications. There are three major MS approaches, namely, bottom-up, middle-down, and top-down MS, each of which is useful for specific applications (Fig. 1 ). Bottom-up MS involves digestion of a protein sample into small peptides (5-15 amino acid residues) followed by online separation by reversed phase chromatography coupled to tandem MS. This method is very robust and sensitive. One major drawback, however, is that the cooccurrence between PTMs located on different peptides cannot be measured. Top-down MS, on the other hand, is performed by directly analyzing intact proteins and, as such, preserves complete connectivity between PTMs. However, this method is much less sensitive than bottom-up MS and thus has much larger sample Figure 1 Workflows for bottom-up, middle-down, and top-down histone PTM analysis by high-resolution tandem MS. In bottom-up MS, the relative abundances and PTM cooccurrences can be monitored for PTMs contained within a single tryptic peptide. Longer peptides are generated in middle-down MS, allowing for better connectivity than bottom-up MS. In top-down MS, full connectivity is preserved, allowing for identification of complete protein isoforms.
requirement. Furthermore, the data analysis is much more challenging due to the large complexity of the tandem mass spectra, which sometimes results in the impossibility of discriminating proteoforms when cofragmented. Using chip-based infusion, rather than injection with a syringe, can reduce the sample requirement for top-down experiments that do not include online chromatographic separation. Middle-down MS offers a compromise between these two methods and is performed by digesting proteins into large peptides (about 30-60 amino acid residues). Analyzing large peptides allows for connectivity of many PTM locations, but offers better sensitivity and simpler data analysis than the top-down approach. Bottom-up MS is the most commonly used MS approach for histone PTM analysis as it is technically more facile than the other approaches and does not require specialized equipment such as a 2D HPLC or chipbased electrospray ionization. Furthermore, small peptides generated in bottom-up MS are fragmented by collision-induced dissociation (CID) or high-energy collision dissociation (HCD), which is available in most commercial instruments. Large peptides or intact histone proteins, however, result in high charge state analytes when electrospray ionized and therefore do not fragment well with CID or HCD. Electron transfer dissociation (ETD) fragmentation is highly efficient for highly charged peptides or proteins and it is thus the fragmentation technique of choice for middle-down and top-down approaches.
In this chapter, we present the protocol to isolate histone proteins from cells and prepare the protein for MS analysis. We also outline how to perform bottom-up, middle-down, and top-down MS to identify and characterize histone PTMs. Tips to increase the throughput of experiments are also included.
HISTONE EXTRACTION FROM CELLS
Histones are among the most basic proteins in the cell, and as such, can be easily purified using an acid extraction. Here, we describe how to first isolate nuclei from cells and then perform an acid extraction to obtain purified histones. The whole protocol takes 1 day. 
Materials and Buffer Recipes

Nuclei Isolation
1. If cell pellets were frozen, thaw them on ice. 2. Estimate the amount of NIB that will be needed, which is approximately 50Â the total volume of cell pellets. Chill the buffer on ice. 3. Add inhibitors to the NIB to the final concentrations of 1 mM DTT, 500 μM AEBSF, 5 nM microcystin, and 10 mM sodium butyrate. For 50 mL buffer, add 50 μL of 1 M DTT, 125 μL of 200 mM AEBSF, 100 μL of 2.5 μM microcystin, and 100 μL of 5 M sodium butyrate. Inhibitors will degrade over time, so prepare NIB + inhibitors freshly for each experiment and store inhibitor stocks at À20°C. 4. Move 25% of the NIB + inhibitors to a new beaker and add 10% alternative to a final concentration of 0.3%. For 50 mL, add 1.5 mL of 10% NP-40 alternative. 5. Resuspend cell pellets in 10Â volume of NIB with NP-40 and homogenize by gentle pipetting (cultured cells) or douncing (tissue samples).
6. Incubate on ice for 5 min to lyse outer cell membranes. Nuclei isolation efficiency can be approximated using Trypan Blue staining. 7. Centrifuge at 4°C for 5 min at 1000 rcf. The supernatant contains the cytoplasm and can be reserved if desired. Otherwise, discard the supernatant. The pellet contains nuclei and should be smaller than the original cell pellet. 8. Wash the pellet by resuspending it in NIB + inhibitors without NP-40 alternative (10 Â volume of cell pellet). 9. Centrifuge cells at 4°C at 1000 rcf for 5 min. 10. Repeat steps 8 and 9 until no NP-40 remains. Usually, two washes are sufficient. NP-40 forms bubbles when resuspending and so lack of bubbles indicates successful removal of NP-40. 11. Nuclei can be stored in NIB + inhibitors + 5% glycerol at À80°C after freezing in liquid nitrogen or used immediately for acid extraction.
Acid Extraction
1. Gently vortex the nuclei pellet and slowly add 0.4 N H 2 SO 4 (5Â volume of pellet, ie, add 5 mL H 2 SO 4 to a 1 mL pellet). 2. Incubate at 4°C with intermittent mixing or on a rotator for 1 h up to overnight. We recommend incubation of 2 h for pellets larger than 500 μL or 4 h for pellets smaller than 500 μL. Longer incubation can result in extraction of other basic proteins besides histones. 3. Centrifuge extracts at 3400 rcf for 5 min. The supernatant contains the histone proteins and the pellet contains other proteins. 4. Transfer the supernatant to a new tube. 5. Repeat steps 3 and 4 to remove any traces of the pellet. 6. Gently add 100% TCA to the supernatant to a final concentration of 20% (ie, add 1/4 volume of the supernatant). 7. Incubate on ice for at least 1 h without agitation. For most samples, 1 h is sufficient. We recommend overnight incubation for small samples (<50 μL pellet). 8. Centrifuge at 3400 rcf for 5 min. The histones will form a film around the bottom of the tube. Other proteins and nonprotein material will form a white pellet at the bottom of the tube, which cannot be solubilized. 9. Carefully aspirate the supernatant, avoiding the protein film on the side of the tube. 
BOTTOM-UP MASS SPECTROMETRY
Bottom-up MS is the most commonly used MS platform for proteomics. In bottom-up MS, proteins are digested into small peptides (5-15 amino acid residues) with trypsin, which are then separated with online reversed phase high-performance liquid chromatography (RP-HPLC) and analyzed via tandem MS (MS/MS). Histones are among the most basic proteins in the cell and contain a large number of lysine and arginine residues. Therefore, digestion with trypsin results in peptides that are too small to be retained by RP chromatography. To overcome this issue, histone proteins can be chemically derivatized on the ξ-amino groups of unmodified or monomethylated lysine residues (Garcia et al., 2007) . This derivatization prevents trypsin cleavage after lysine residues, allowing the enzyme to cleave only after arginine residues thus generating longer peptides. We recommend using propionic anhydride as the derivatization reagent due to its high efficiency . After digestion with trypsin, a second round of derivatization is performed to modify the amino groups of the newly generated N-termini. This increases the hydrophobicity of the peptides and allows for better interaction with RP columns. Propionylation and trypsinization can be performed either in microcentrifuge tubes or in 96-well plates to reduce sample preparation time if a large number of samples are being processed. 
Materials and Buffer Recipes
Derivatization and Digestion
1. Dry samples down in a vacuum centrifuge and resuspend in 20 μL ammonium bicarbonate, pH 8.5. Ensure that the pH of the samples is between 7 and 9 using pH paper. If they are too basic, add some glacial acetic acid. If they are too acidic, add some powdered ammonium bicarbonate. If using the plate format, transfer samples to a 96-well plate. 2. Prepare the propionylation reagent by combining propionic anhydride and isopropanol in a 1:3 ratio. The propionic anhydride in the reagent will begin to dissociate into propionic acid so it is important to use it immediately after preparation. If processing samples on a plate, make new reagent for each plate. If processing samples in microcentrifuge tubes, make new reagent every three to five samples. 3. Add 10 μL of the propionylation reagent to the sample and vortex briefly. The pH will drop to 4-6 due to the propionic acid.
4.
Immediately add 3-7 μL NH 4 OH to bring the pH up to $8, checking with pH paper. Do not allow the sample to go above pH 10 as propionylation of other residues such as serine can occur at high pH. 5. Incubate the samples at 37°C for 15 min. 6. Dry down samples to less than 5 μL in a vacuum centrifuge. 7. Repeat steps 1-6 one more time. 8. Resuspend samples in 50-100 μL of ammonium bicarbonate. 9. Add trypsin in a 1:20 protease:histone ratio and incubate at 37°C for at least 6 h up to overnight. 10. Quench trypsin by freezing at À80°C or adding glacial acetic acid to lower pH to $4. 11. Dry samples to 20 μL or less. If dried to less than 20 μL, add more ammonium bicarbonate to a final volume of 20 μL. 12. Repeat steps 2-6 twice.
Desalting
Desalting is performed on home-made C 18 columns called stage-tips.
1. Cut off the last centimeter of a P1000 tip to make the opening bigger. Use this pipet tip to punch out a piece of C 18 material from the disc. If desalting more than 25 μg of protein, use two discs. Ensure that there is no space between the discs. 2. Use a piece of fused silica capillary (or any other long, thin item) to firmly push the C 18 material out of the P1000 pipet tip into a P200 pipet tip. Ensure that the C 18 disc is firmly positioned in the tip, but do not push hard enough to puncture the material. 3. Place the column in a microcentrifuge adaptor inside a 1.5-or 2-mL microcentrifuge tube. 4. Activate the resin by adding 50 μL methanol to the column. Push the methanol through using compressed air or by spinning in a centrifuge at 500 Â g for 30-60 s. 5. Repeat step 4 once. After this point, keep the disc wet at all times. 6. Equilibrate the column by adding 200 μL washing buffer to the column and push the solution through as described in step 5. Note that the collection tube may need to be emptied. 7. Repeat step 6 once. 8. Add wash buffer to samples to a final volume of approximately 200 μL.
The pH should be below 4.0 (check with pH paper). If needed, adjust the pH using glacial acetic acid.
9. Add the sample to the stage-tip and centrifuge for 2-5 min at 200 Â g until the sample passes through the column. 10. Wash the column by adding 50 μL wash buffer to the stage-tip and centrifuge at 500 Â g for 30-60 s until the buffer passes through. 11. Repeat step 10 once. 12. Remove the collection tube and replace with a clean 1.5-mL microcentrifuge tube. 13. Add 75 μL elution buffer to the column and centrifuge at 200 Â g for 2-5 min. 14. Repeat step 13 once. 15. Dry down sample in a vacuum centrifuge to less than 5 μL. Desalted samples can be stored at À80°C. 16. Resuspend samples to approximately 1 μg/μL in buffer A for MS analysis.
Online RP-HPLC and MS Acquisition
We present protocols to perform bottom-up MS using nanoelectrospray ionization (nano-ESI) on a hybrid LTQ-Orbitrap (ie, Thermo Orbitrap Elite). MS data can be acquired in two different modes: data-dependent acquisition (DDA) or data-independent acquisition (DIA). DDA is the traditional method used in histone PTM analysis, where a high-resolution full MS scan is acquired followed by low-resolution MS/MS acquisition of the topN (eg, 10) most abundant peaks from the full MS scan. Peptide abundance is quantified by integrating the area of the extracted ion chromatogram (XIC) at the MS1 level. One issue with DDA is that it cannot accurately quantify coeluting isobaric peptides (different peptides that have the same mass) because they cannot be discriminated at the MS1 level. To overcome this limitation, coeluting isobaric peptides must be targeted across their elution profile and quantified based on the fragment ion intensities.
DIA is performed by acquiring a high-resolution full MS scan followed by a series of high-resolution MS/MS scans covering a larger m/z window (ie, 50) that step across the desired m/z range (Gillet et al., 2012) . All ions present in the m/z window get fragmented and detected together, and so the size of the window and complexity of the sample will dictate the quality of the MS/MS spectra and consequently identification. DIA methodology has been optimized for histone PTM analysis also performing low-resolution MS/MS scans, and 50 m/z windows were found to be a good balance for allowing sufficient identification and cycle speed (Sidoli, Simithy, Karch, Kulej, & Garcia, 2015) . Peptide identifications should be obtained before the DIA experiment using a spectral library generated with DDA data. In other words, DIA is not the recommended acquisition method to identify unknown peptides. On the other hand, one major benefit of DIA is that MS/MS spectra are obtained for all peptides across the entire elution peak. Thus, DIA provides higher confidence in determining the correct chromatographic peak for a given peptide, as it allows for XIC for both precursor and fragment ions, which will appear as coeluting peak profiles. The abundance of the peptide is still quantified by calculating the area under the curve for the parent ion, as the precursor ion signal is always more intense than any fragment mass ion. Moreover, DIA eliminates the need for targeting of coeluting isobaric species, as all analytes are already fragmented at each MS scan cycle and allows for future data mining. DIA methods have been gaining popularity due to these advantages. 1. Fit the HPLC with a C 18 column (75 μM inner diameter, 10-20 cm in length), either purchased commercially or packed in-house. 
Data Analysis
Histone PTM analysis is a computationally challenging process. Given that histones are highly modified proteins, each peptide can contain several PTM Note: The full MS1 scan is performed twice within the same duty cycle to allow for a more resolved definition of the precursor peak profile. This is not necessary for MS2 ions, as these are commonly not used for quantification, but only for increasing the confidence of the selected chromatographic peak and, in specific cases, to discriminate isobaric forms. The differences in MS2 scan range, in particular for the low mass range, are due to the intrinsic limitations of the ion trap, which cannot hold for scanning fragment ions smaller than $1/3 of the isolated precursor mass.
acceptor sites, resulting in a large number of possible modified forms for a given peptide. For example, the H3 9-17 peptide can contain mono-, di-, or trimethylation (me1/me2/me3) on K9 and K14 as well as acetylation (ac) on K9, for a total of 10 possible forms of the peptide. Some isobaric peptides are also generated by the derivatization process, further complicating analysis. For example, the H3 9-17 peptide has two sets of isobaric peptides: unmodified and K9me1K14ac ([M + 2H] 2+ ¼ 535.304 m/z) and K9me3K14ac and K9me2 ([M + 2H] 2+ ¼ 521.306 m/z. Many of these isobaric species arise because the mass of a propionyl group is the same as the mass of an acetyl group and monomethyl group (56.026 Da). Fortunately, many of these peptides elute at different times and therefore do not require MS/MS targeting across their elution profiles in DDA experiments (ie, K9me3K14ac and K9acK14ac). This is because the modifications impart different hydrophobicities, causing the peptides to elute at different times (Fig. 2) .
Some isobaric species, however, coelute and cannot be discriminated based on retention time (RT). A prime example is the H4 4-17 peptide that contains four lysine residues that can be acetylated, resulting in many isobaric species. The diacetylated peptide is the most complicated example, as there are six isobaric forms that coelute. These peptides can be differentiated by collecting MS/MS spectra across their elution and using the elution profiles of unique fragment ions to define the ion chromatogram (Fig. 3A) .
In both DDA and DIA experiments, the relative abundances of histone peptides must be calculated by extracting the raw peak area of all modified and unmodified forms for a given peptide sequence. The relative abundance is obtained by dividing the total area of a single peptide isoform (including all charge states) by the total area of that peptide sequence in all of its modified forms. We developed a software tool to automate this type of data analysis for both DDA and DIA experiments .
Software-Based Peak Area Extraction and Abundance Calculation
EpiProfile is a freely available Matlab-based automated tool to quantify histone PTM profiles in DDA experiments . The software reads raw data and provides a table of quantified histone peptides, layouts (MS1 elution profiles), and annotated MS/MS spectra used for identification. EpiProfile can quantify coeluting isobaric peptides (if they were targeted in the MS method) as well as isotopically labeled peptides (ie, labeled by SILAC).
EpiProfile uses previous knowledge about relative elution times to aid in quantification and identification of histone peptides. It uses this information, as well as mass information, to perform XIC of each unique peptide. EpiProfile then calculates the area under the curve of the XIC, which is then used to calculate the relative abundance of each peptide. 1. Open the "params.txt" file in EpiProfile and specify the file path containing your raw files. Other options can be specified as well, such as isotopic labeling and mass tolerance. 2. Open Matlab and specify the file path containing EpiProfile. 3. Enter "EpiProfile" in the command window to start the program. Figure 2 Example layout for H3 9-17 peptide provided by EpiProfile. Each row represents an extracted ion chromatogram (XIC) for a specific modified form of the peptide. The script next to each peak provides the modification state, m/z value, charge state, rentention time, and intensity, respectively. The XIC of fragment ions are also illustrated in colors, however, they cannot be easily visualized because they overlap with the XIC trace. Note that some isobaric peptides (ie, K9meK14ac and K9acK14ac) have nearly the same mass but elute at different times, while others (ie, K9ac and K14ac) have overlapping XICs.
4. The program will run and the results will be stored in the same file path that was specified in the "params.txt" file. Several result files and folders will be provided:
a. An excel file called "histone_ratios.xls." This file contains the RT, area, and relative abundance of each peptide for all raw files (Fig. 3B) Figure 3 EpiProfile allows for quantification of histone PTMs, including isobaric species. (A) Fragment ion XICs for H4 4-17 peptide containing three acetyl groups. These fragment ion XICs are used for quantification because the parent ion XICs overlap. (B) Example of EpiProfile quantification output from "histone_ratios.xls" file. The retention time, area under the XIC and relative abundance (ratio) for each peptide in each sample are listed. Fig. 2) . The "details" folder in this directory contains XICs for coeluting isobaric species (ie, Fig. 3A) . 5. The layout files can be used to manually validate that the program chose the correct peak to quantify. Note: EpiProfile, although it is the software we recommend for histone analysis, is not the only one available. Manual quantification can be performed using the Xcalibur QualBrowser (for Thermo instruments), which is mostly used to visualize raw files. The mass of the monoisotopic peak can be entered to obtain the XIC, and the area under the curve function automatically calculates the peak area. Moreover, the free software Skyline can be adopted for the purpose (MacLean et al., 2010) . Skyline is optimized to extract precursor and fragment XIC upon a precompiled list of peptides, and thus it is definitely more automated than the manual quantification procedure. However, it does not include unique features of EpiProfile such as RT-based peak calling and automatic calculation of ratios for coeluting isobaric peptides.
OFFLINE FRACTIONATION OF HISTONE SPECIES
Materials and Buffer Recipes
1. Offline buffer A: 5% acetonitrile, 0.2% trifluoroacetic acid (TFA) in water (all HPLC-grade) 2. Offline buffer B: 95% acetonitrile, 0.188% TFA in water (all HPLCgrade) 3. 5 μm C 18 column (size depending on application)
Histone Variant Purification
1. Attach a C 18 column to the offline HPLC and set the flow rate according to the size of the column. Generally, a flow rate of 0.2 mL/min is used for a 2.1 mm column, 0.8 mL/min for a 4.6 mm column, and 2.5 mL/min for a 10 mm column. Allow the column to equilibrate in buffer A for 10Â column volumes. 2. Load the sample. Generally, 100-200 μg histone should be loaded for a 4.6 mm column. 3. Run the following gradient: 30-60% buffer B over 100 min, 60-100% buffer B over 20 min, 100-30% buffer B over 10 min. The elution profile is shown in Fig. 4 .
4.
Set up a fraction collector to collect samples in 1 min intervals from 15 to 80 min. 5. Transfer the desired fractions to centrifuge tubes and dry to completion in a vacuum centrifuge to remove organic solvent and TFA. Fractions corresponding to the same histone can be pooled before drying. Dried histones can be stored at room temperature. If reconstituted, store at À80°C.
MIDDLE-DOWN MASS SPECTROMETRY
Middle-down MS is a different proteomics strategy valuable for quantifying combinatorial histone PTMs. In middle-down MS, proteases that generate long peptides are employed to allow for greater connectivity between PTM sites than bottom-up MS. It is important to use a protease that does not cleave in the tail domain as this is where most PTMs are catalyzed. Endoproteinase GluC (in bicarbonate buffers) is recommended for histone H3, H4, and canonical H2A, as it generates N-terminal peptides of 50, 53, and 41 amino acid residues, respectively. Endoproteinase AspN is a valid alternative, as it cleaves all canonical histones providing middledown sized N-terminal peptides; specifically, 71 amino acid residues for H2A, 76 for H3, 24 for H4, and 51 for H2B. Because the peptides are longer and trypsin is not being used, derivatization of the protein is unnecessary. The high charge states occupied by histone tail peptides are incompatible with CID fragmentation. ETD fragmentation, on the other hand, generally results in high coverage of the histone tail peptides.
Middle-down histone tail peptides do not separate well by RP chromatography. Weak cation exchange hydrophilic interaction liquid chromatography (WCX-HILIC) is currently the stationary phase of choice for this application, as it employs a hydrophilic stationary phase containing negatively charged residues (ie, glutamic acid), which is the ideal binding pocket for basic hydrophilic polypeptides ( Jung et al., 2013; Sidoli et al., 2014; Young et al., 2009 ). The HILIC separation occurs by decreasing the amount of organic buffer in the solvent so that more hydrophobic species elute first. The WCX separation is accomplished by incorporating a pH gradient into the mobile phase. As the pH decreases during the gradient, the resin becomes increasingly protonated, which removes the charge on the resin and abolishes the cation exchange interaction.
One drawback of middle-down MS compared to bottom-up MS is reduced sensitivity. Larger peptides are electrospray ionized in multiple charge states, which reduces the signal for any given charge state compared to smaller peptides. Similarly, larger peptides can have a larger number of modified forms, which dilutes the signal for any single form. This limitation can be partially alleviated by using larger amounts of starting material. Fractionation of histones before MS analysis is the most effective method to increase sensitivity because it reduces the complexity of the sample, and thus allows for loading more material of a single histone variant. Another caveat of middle-down MS is that the data analysis for middle-down experiments is more complicated and less automated compared to bottom-up MS, although few software tools have been developed for the purpose (DiMaggio, Sidoli et al., 2014) .
Materials and Buffer Recipes
1. 100 mM ammonium acetate, pH 4.0 2. 10 mM Tris-HCl, pH 7.5 3. GluC 4. AspN 5. Offline buffer A: 5% acetonitrile, 0.2% TFA in water (all HPLC-grade) 6. Offline buffer B: 95% acetonitrile, 0.188% TFA in water (all HPLCgrade) 7. Online buffer A: 75% acetonitrile, 20 mM propionic acid, pH 6.0 (generated using ammonium hydroxide) 8. Online buffer B: 15% acetonitrile, 0.2% formic acid 9. WCX-HILIC column: 75 μm ID, 15 cm length, 1.7 μm (diameter) 1000 Å (porosity) particle size is recommended. The 3 μm (diameter) 1500 Å (porosity) particle size can also be used
Digestion
5.2.1 GluC 1. Resuspend sample in 100 mM ammonium acetate to a final concentration of 0.5 μg/μL. 2. Dilute the GluC enzyme to 0.2 μg/μL in the same buffer. 3. Add GluC to a final concentration of 1:10 GluC:histone. 4. Incubate for 6 h at room temperature. 5. Block digestion by adding 1% formic acid.
AspN (Alternative to GluC)
1. Resuspend enzyme to 40 ng/μL in 10 mM Tris-HCl, pH 7.5. 2. Resuspend sample in the same buffer and add enzyme at 1:100 enzyme:
histone by weight. 3. Digest at 37°C for 6 h. 4. Block digestion by adding 1% formic acid.
WCX-HILIC and MS
Middle-down has been optimized by different research laboratories ( Jung et al., 2013; Sidoli et al., 2014; Young et al., 2009 ). Currently, the most automated platform includes an RP trap column for sample loading and a WCX-HILIC analytical column for the gradient (Fig. 5) . This setup allows for sample loading in aqueous conditions and separation using WCX-HILIC . 1. Program the HPLC method as follows: from 0% to 55% buffer B in 1 min, from 55% to 85% B in 160 min, and from 85% to 100% in 5 min. If the HPLC is not programmed for automated column equilibration before sample loading then include this part in the method: switch the valve in position load (Fig. 5B) , from 100% to 0% B in 1 min and isocratic flow at 0% B for 10 min. The flow rate of the analysis should be 250-300 nL/min. 2. Program the MS acquisition method to perform MS/MS DDA of the 5-8 most abundant precursor masses. Do not apply dynamic exclusion, as this increases the number of isobaric forms quantified. The full MS scan range should be 450-750 m/z, as this is the region of the most intense charge states for histone polypeptides. If only histone H3 is analyzed, the window can be narrowed to 660-720 m/z, in order to include only charge state 8 + . 3. Program the MS/MS acquisition to be performed with ETD at a resolution of $30,000. The reaction time should be around 20 ms for polypeptides with 8-10 charges. Include three microscans to improve the quality of the MS/MS spectra acquired, as ETD spectra are overall less reproducible than CID. 4. Load $2 μg of sample onto the HPLC trap column. The sample can be loaded as is from the digestion step (Section 5.2.1 or 5.2.2). 5. Run the HPLC-MS/MS method as programmed. Since the sample is loaded onto a trap column it does not require prior desalting, as the salts will be eluted during the trap loading and thus they will not be sprayed into the MS.
Data Analysis
Identification and quantification of middle-down peptides is a more challenging process than bottom-up. This is because each precursor mass might correspond to hundreds of isobarically modified peptides. Currently, the most comprehensive algorithm to quantify histone peptides employs mixed integer linear optimization ). However, this software is currently not in a user-friendly format and it is not flexible through unexpected modification sites. Thus, we developed a workflow that includes database searching and quantification based on virtual histograms. Briefly, the obtained LC-MS/MS result file is searched using Mascot (Matrix Science), which provides identification and spectrum intensities, and then filtered with the freely available isoScale slim (http://middle-down. github.io/Software) and PTM combination). Remove them by using the "Remove duplicates" option in Excel.
Note: From the relative abundance of the combinatorial marks, it is possible to extract the relative abundance of single marks simply by summing all relative abundances of peptides that contain the given PTM. To estimate which histone marks tend to coexist with each other with high or low frequency, it is possible to calculate the interplay score ( Jung et al., 2013; Schwämmle, Aspalter, Sidoli, & Jensen, 2014) . This score is calculated as:
where I xy is the interplay score between the marks X and Y, F xy is the coexistence frequency (or relative abundance) of the two marks, and F x or F y are the frequencies of the single marks in the dataset. Basically, F xy is the observed coexistence frequency, while (F x * F y ) is the theoretical coexistence frequency, calculated based on the relative abundance of single PTMs. This calculation provides a score of how much two marks tend to coexist or be mutually exclusive on the same histone protein.
Positive values indicate tendency to coexist higher than if the two marks were completely independent from each other, while negative values indicate the opposite. This score has been used to predict crosstalk between histone marks .
TOP-DOWN MASS SPECTROMETRY
Top-down MS is performed by fragmenting intact protein using ETD fragmentation. The biggest advantage of top-down MS over the other methods is that it provides a global view of the intact protein sequence. However, this advantage is accompanied by the caveat that it is also the least sensitive method because the histone proteins will occupy the maximal number of charge states and modified forms as compared to bottom-up and middle-down strategies. Furthermore, the data analysis is not only more difficult, but also currently prohibitive in specific cases. For instance, while the bottom-up sample preparation can produce peptides with up to six isobaric forms, an intact histone has potentially hundreds of thousands of combinatorial forms with the same identical precursor mass. The exponential number can be explained considering the many modifiable sites (eg, K and R) and the permutations of isobaric modified forms (eg, me3 is equivalent to me1me2, which is equivalent to me1me1me1, which is equivalent to the same combination on other sites, etc.). Therefore, a single MS/MS spectrum might contain an impressive number of isobaric proteoforms, of which at the moment we can only scrape its surface.
Generally, fractionation is performed before conducting a top-down experiment to reduce the complexity of the sample. Histone species can be fractioned as described in Section 4. Usually, histone proteins are directly infused into the MS in top-down analysis, but online RP separation can also be conducted if desired (Contrepois, Ezan, Mann, & Fenaille, 2010; Eliuk, Maltby, Panning, & Burlingame, 2010; Tian et al., 2010) . Direct infusion using a syringe requires a large amount of sample (about 20-30 μg for 10 min injection), so using a chip-based infusion system, such as an Advion Nanomate, is strongly recommended, as the amount of sample required can be as low as 5 μg for a 30 min injection. In these systems, sample is picked up by a small tip and delivered to a chip containing nano-ESI nozzles. Voltage is applied to the chip to enable ionization into the MS. Very small sample volumes can be stably sprayed for long periods of time using this system (10 μL of sample lasts for about 30-40 min).
Materials and Buffer Recipes
1. Sample buffer: 75% acetonitrile/25% of 0.8% formic acid adjusted to pH 2.5 with TFA 2. Chip-based nano-ESI autosampler such as Advion Nanomate
Top-Down MS Using Direct Infusion
The acquisition method in top-down MS will vary depending on the exact application. Most top-down experiments aim to characterize a specific modified form of histone protein. In this case, 1. If sample contains salt, desalt according to Section 3.3 using C 8 resin in place of C 18 resin. One disc of C 8 resin can bind approximately 10 μg of intact histone protein. Use multiple discs if the sample contains more than 10 μg of protein. If offline fractionation was used, there is no need to desalt the sample. 2. Resuspend histone protein in sample buffer to a concentration of approximately 1 μg/μL. 3. Infuse sample in a chip-based direct infusion system and adjust parameters to achieve stable spray. Generally, stable spray can be achieved using a capillary temperature of 150°C, voltage between 1.7 and 2.5 kV, and a gas pressure between 0.3 and 0.4 psi. Capillary temperatures above 170°C can damage the chip and are not recommended. These parameters will need to be adjusted for each run before data acquisition and may also need adjustment as data is being acquired. A sudden complete loss of signal usually indicates that the nozzle has become clogged, in which case another nozzle should be selected. 4. Run an MS acquisition method to collect data. The method will depend largely on the application. To analyze a specific modified form of a histone protein, set up an MS1 scan that spans the m/z range of that form but excludes other species (ie, Fig. 6A ). Perform a data-dependent MS/MS on the top isotope of the distribution with a large number of microscans (10-20 should provide a clean spectra depending on the quality of signal and spray). Generally, a 3-5 min acquisition time is adequate to obtain a high-quality MS/MS spectrum that can be identified during data analysis. If characterization of more than one species is desired, set up the method to take MS1 scans corresponding to the other species followed by data-dependent MS2 scans.
Data Analysis
Top-down data require deconvolution before analysis, where each multiply charged ion is reduced to its singly charged monoisotopic mass. This process facilitates data analysis as most programs cannot analyze MS/MS spectra containing highly charged fragment ions. The deconvoluted data can then be searched using Mascot (Matrix Science) software. 1. Convert files into mzxml format using any of a number of available programs for this purpose. 2. Deconvolute data using any of a number of available programs for this purpose. Examples include the Xtract module from Thermo Xcalibur software and MS-Deconv (freely available at http://bix.ucsd.edu/ projects/msdeconv/). 3. Use proper software to search the deconvoluted data. The traditional Mascot license can analyze intact molecules up to 16 kDa, making it suitable for intact histone proteins. Other software tools can be used, such as ProSightPC (Thermo) or the freely available MS-Align + (Liu et al., 2012) . Use a database containing all of the histone protein sequences, including variants. Select the modifications of interest as variable PTMs. Note: Manual validation of the results will be necessary, as all softwares are not optimized for heavily modified proteins such as histones. In order to achieve a confident localization for a given PTM, it is necessary to have specific fragment ions between two possible modifiable Figure 6 Example data obtained in a top-down experiment for intact H4 containing 1 dimethyl and 2 acetyl groups. (A) Full MS scan prior to isolation and fragmentation of intact H4 containing an acetyl and dimethyl group. The isolation window is set so that the species of interest is the most abundant ion in the scan so that it will be selected for data-dependent MS2 acquisition. (B) Fragment ion coverage of the H4 protein containing N-terminal acetylation (AC), K16ac (AC), and K20me2 (DI). There are fragment ions flanking each modification, allowing for confident identification of the PTMs. (C) Deconvoluted MS/MS spectra. Each identified fragment ion is indicated in gray and the most abundant fragment ions are labeled.
sites, confirming on which amino acid residue the modification is localized ( Fig. 6B and C ). Software will provide the "most probable" localization of the PTMs, but they rarely provide a score describing whether another localization for a given modification is equally probable. isoScale slim is applicable for this purpose, as previously illustrated for middledown (Section 5.4). However, it demands result files from Mascot.
